Purpose: Overexpression of multidrug resistance protein 1 (MRP1) confers resistance to a range of chemotherapeutic agents in cell lines and could be involved in clinical drug resistance of some tumor types also. We examined MRP1 expression in a small series of untreated human ovarian tumors and matched normal tissues.
INTRODUCTION
Ovarian cancer is the fifth most common cause of cancerrelated deaths of women in the United States. Each year, Ͼ25,000 new cases are diagnosed, with ϳ14,000 annual deaths (1) . Although considerable progress has been made in the past few decades in the diagnosis and treatment of the disease, the prognosis for overall long-term survival remains poor, with the 5-year survival ϳ50% (1, 2). The main obstacles to the improvement of prognosis are lack of markers for early diagnosis and resistance to chemotherapy (3) . The multidrug resistance protein 1 (MRP1), originally identified from a drug-resistant lung cancer cell line, is a prototypical member of the ATP binding cassette transporter subfamily (ABCC) that has been associated with multidrug resistance (4 -6) . Transfection studies have demonstrated that overexpression of MRP1 in tumor cell lines can confer resistance to many natural product chemotherapeutic agents such as anthracyclines, Vinca alkaloid, and epipodophyllotoxins by reducing their cellular accumulation (7) (8) (9) . MRP1 is ubiquitously expressed in normal tissues and can actively transport several endogenous and exogenous conjugated or unconjugated organic anions. Among endogenous substrates of MRP1 are leukotriene C4 (10), 17 R-estradiol, glutathione, glutathione disulfide (11, 12) , and glucuronide-and sulfate-conjugated bile salts (13) . The exogenous substrates of MRP1 include natural product and antifolate chemotherapeutic agents, glutathione-conjugated aflatoxin B1, heavy metals, and so forth (7) (8) (9) 14) . Therefore, MRP1 is thought to play an important role in elimination of metabolites and cellular detoxification. The expression of MRP1 has also been detected in many tumor tissues, including both solid and hematological malignancies (15) (16) (17) (18) . Although there are a few reports suggesting that MRP1 may be involved in the clinical drug resistance of some tumor types and of prognostic significance for response to chemotherapy in some patients (17) (18) (19) , the general relevance of MRP1 expression to clinical resistance has yet to be established.
The human MRP1 gene is located on chromosome 16 at band 13.1, spans ϳ194 kb, and is composed of 31 exons (20) . The originally published MRP1 cDNA encodes 1531 amino acids, which is predicted to form three membrane spanning domains and two nucleotide binding domains (4 -6) . The correspondence of exons to the predicted MRP1 topological conformation is illustrated in Fig. 1 . To date, six splice variant sequences of MRP1 besides the one mentioned above have been deposited in the National Center for Biotechnology Information RefSeq database. 4 These splice variants have exons 5, 13, 17, 18, 17, and 18, and 30 skipped, respectively. In the present study, we examined MRP1 expression in previously untreated ovarian cancers and matched normal ovarian tissues from patients with advanced epithelial ovarian cancer participating in the Gynecologic Oncology Group (GOG) Banking Protocol, GOG 136, and found that the ovarian tumors expressed more MRP1 splice variants than matched normal ovarian tissues. Importantly, the differences were associated with the expression of two splicing factors, PTB (21) and SRp20 (22) . We also identified several new splice variants of the MRP1 gene that have partial exon skipping and/or partial intron inclusion. We found that three of the splice variants, when expressed in HEK293T cells, conferred resistance to doxorubicin, but at a lower level than seen with the full-length gene.
MATERIALS AND METHODS
Specimens. Ten pairs of snap-frozen ovarian tumor and matched normal tissue were obtained from the GOG Tumor Bank (Columbus, OH). The tissue specimens were removed during primary cytoreductive surgery and before initiation of front-line chemotherapy from patients with advanced ovarian cancer who provided written consent to participate in the GOG Banking Protocol, GOG 136. The specimens were immediately snap-frozen at the GOG participating institution after surgery, shipped to the GOG Tissue Bank with dry ice, and stored at Ϫ70°C until distributed to the GOG Molecular Pharmacology Core Laboratory for testing. Of these 10 cases with paired specimens, 9 patients had a diagnosis of serous adenocarcinoma, and 1 had endometrioid carcinoma; 6 had Fédération Internationale des Gynaecologistes et Obstetristes stage III disease and 4 had Fédération Internationale des Gynaecologistes et Obstetristes stage IV disease; and 1 was a well-differentiated tumor, 7 were moderately differentiated, and 2 were poorly differentiated. In these tumor tissues, malignant cells accounted for 60 -90%. The matched normal total ovarian tissues were obtained from the same patients. The specimens were labeled with coded, confidential identifiers, and the laboratory testing was performed blinded to clinical information. The use of these specimens in the study was approved by the Institutional Review Board of the University of Illinois at Chicago.
Total RNA Extraction and cDNA Synthesis. Total RNAs were extracted from 20 to 50 mg of tissue with Trizol reagent (Invitrogen, Carlsbad, CA) following the manufacturer's instruction. cDNAs were synthesized from 2 g of total RNA with reagents contained in the ThermoScript reverse transcription-PCR system (Invitrogen). The synthesis reactions were run according to the kit manual and incubated at 55°C for 1 h.
PCR. The PCR primers for amplifying the cDNA fragments between exons 10 and 19 (primer pair 1) were 5ЈTGC TCT CTA CCT CCT GTG GC3Ј (on exon 10) and 5ЈAGT AGC TCA TGC TGT GCG TG3Ј(on exon 19). The primers for amplifying the entire coding sequence of MRP1 (primer pair 2) were 5ЈGAG CTC ATG GCG CTC CGG GGC TTC TGC 3Ј and 5ЈCCG CGG CAC CAA GCC GGC GTC TTT GGC 3Ј. The italicized bases are the start codon and the codon next to the stop codon, respectively. The PCR reactions were set up with the reagents contained in ThermoScript reverse transcription-PCR system (Invitrogen) except that High Fidelity Platinum TaqDNA polymerase was used instead of Platinum Taq to amplify the entire coding sequences. The cycling conditions were 95°C for 2 min, then 40 cycles of 94°C for 20 s, 60°C for Fig. 1 Correspondence between MRP1/ABCC1 exons and predicted MRP1 topological conformation. The top is the exon composition of full-length MRP1. The bottom is the predicted topological conformation of full-length MRP1. The 5Ј untranslational region and 3Ј untranslational region are represented by empty rectangles in exons 1 and 31, respectively. The coding exons are represented by differently shaded rectangles. The topological conformation of full-length MRP1 was drawn based on the secondary structure prediction of membrane proteins by the program SOSUI. 6 The length of the rectangles and corresponding encoded peptides is approximately proportional to the length of exons. 20 s, 72°C for 1.5 min followed by 1 cycle of 72°C for 10 min. The extension condition was 68°C for 5 min when the entire coding sequences were amplified.
DNA Sequencing. PCR products were first cloned into TOPO TA cloning vector (Invitrogen) by following the kit manual. The bacterial colonies obtained were randomly picked and examined by colony PCR to estimate the insert sizes. Colonies carrying different size inserts were selected for plasmid preparation, and the resulting plasmids were submitted for automatic sequencing. Several internal primers were used when the entire coding region of MRP1 was sequenced.
Western Blot. Ten mg to 20 mg of tissue specimens were homogenized with Kontes ground glass tissue grinder in 100 -200 l T-PER Tissue Protein Extraction Reagent (Pierce Biotechnology, Rockford, IL) supplemented with protease inhibitor mixture [2 mM 4-(2-aminoethyl) benzenesulfonylfluoride, 1 mM EDTA, (4-guanidino) butane, 1 mM leupeptin, and 0.3 M aprotinin; Sigma, St. Louis, MO]. The homogenates were then centrifuged at 10,000 rpm at 4°C for 5 min to remove cell/tissue debris. Supernatants (20 l) from each specimen were applied to SDS-PAGE on a 4 -20% gradient gel, and proteins were transferred to a nitrocellulose membrane using a semidry electroblotter. The blot was then blocked in 5% milk and probed with monoclonal antibody PTB (Ab-1; Oncogene Research Products, San Diego, CA) and SRp20 (7B4; Santa Cruz Biotechnology, Santa Cruz, CA), followed by horseradish peroxidaseconjugated donkey antimouse IgG. Signals were detected with enhanced chemiluminescence Western blotting detection reagents (Amersham Pharmacia Biotech, Piscataway, NJ).
Construction of Expression Vectors and Transfection. cDNAs of MRP1 splice variants amplified as above were subcloned into pDsRed1-N1 (Clontech, Palo Alto, CA) between sites SacI and SalI. The DsRed1 coding sequence was then replaced by the enhanced green fluorescent protein coding sequence. Therefore, enhanced green fluorescent protein was fused to the COOH termini of the MRP1 variants. The expression vectors were introduced into HEK293T cells by calciumphosphate precipitation. Transfection efficiency ranged from 30 to 80%.
Chemosensitivity Assay. The drug sensitivity of cells was determined using the colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay basically as described previously (23) . Briefly, HEK293T cells transfected for 24 h were seeded at 5 ϫ 10 3 cells/well in 100 l of culture medium in 96-well plates. The following day, serially diluted doxorubicin (Sigma) in culture medium was added to cells (100 l/well) in triplicate. Seventy-two h later, 100 l of medium was removed from each well, and the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide reagent (25 l/well, 2 mg/ ml; Sigma) was added. After incubation at 37°C for 3 h, the medium was carefully removed from each well, and 100 l of DMSO was added to solubilize the formazan. Color density was determined using the microplate reader (Molecular Devices, Sunnyvale CA). Mean values (Ϯ SD) of three independent experiments were plotted using SigmaPlot package (SPSS Inc., Chicago, IL).
Fluorescence Microscopy. HEK293T cells were seeded on gelatin-coated coverslips in 12-well plates at 1 ϫ 10 5 cells per well 24 h before transfection. Twenty-four h after transfection, the coverslips were washed once with PBS and then fixed with 2% paraformaldehyde in PBS for 20 min at room temperature. After washing twice with PBS, the cells were permeabilized in 0.2% Triton X-100 in PBS for 30 min and then incubated in 0.5 ml RNAase A (10 g/ml in 0.1% Triton X-100/1% BSA in PBS) for 60 min at room temperature. After washing once with PBS, the cell nuclei were stained by incubation in 0.5 ml of propidium iodide (2 g/ml in PBS; Sigma) for 45 min in the dark. Finally, the coverslips were mounted on slides with 1 drop of Antifade Solution (Molecular Probes, Eugene, OR), and the cells were examined under Axiotron 2 laser scanning microscope (Carl Zeiss, Thornwood, NY).
Statistical Analysis. SPSS version 10.0 (SPSS Inc., Chicago, IL) was used for the data analysis. A paired-samples t test was used to test the hypotheses of no difference between the number of MRP1 splicing variants detected in tumor and matched normal tissue.
RESULTS
Ovarian Tumor Tissues Express, on Average, More MRP1 Splice Variants Than Matched Normal Tissues. Our previous study showed that both ovarian tumors and their matched normal tissues expressed MRP1, and there was no significant difference between them. 5 To examine whether ovarian tumors and their matched normal total ovarian tissues express MRP1 splice variants differently, we designed five primer pairs to amplify five overlapping MRP1 cDNA fragments spanning from exon 3 to exon 31 from 10 pairs of matched tumor and normal ovarian tissues. These five primer pairs are located on exons 3 and 11, exons 10 and 19, exons 18 and 24, exons 23 and 31, and exons 29 and 31, respectively. The result of amplifications with primer pair located on exons 10 and 19 is shown in Fig. 2A . It can be seen that more than one product was amplified from 18 specimens of 20 total. The size of the major product is ϳ1.15 kb, which is consistent with the expected size, 1136 bp, of the cDNA fragment containing all of the exons between exon 10 and exon 19 of MRP1, according to RefSeq NM_004996. Of most interest, more PCR products of different sizes were amplified from 9 tumor specimens than from their matched normal tissues (pairs 2-10). Only in 1 pair (pair 1) did it appear that more PCR products of different sizes were seen in normal tissue compared with tumor. On the agarose gel, 3-12 PCR product bands can be recognized from tumor tissues ( Fig.  2A) . As summarized in Table 1 , counting the numbers of different PCR products in each specimen, it is seen that there are 7 cases with 2-10 times more PCR product bands in tumors than in matched normal tissues. The amplification of MRP1 cDNA fragments between exon 18 and exon 24, exon 23 and exon 31, and exon 29 and exon 31 produced only 1 band in most specimens (data not shown). The amplification of MRP1 cDNA fragments between exon 3 and exon 11 failed in most speci-mens. This was probably due to the difficulty in cDNA synthesis to reach to the very 5Ј end.
Splicing Forms between Exons 10 and 19 of MRP1. To verify that the PCR amplifications of multiple DNA bands described above are specific to the MRP1 gene, PCR products from tumor tissue of pair 2 were cloned into the TOPO TA cloning vector and clones of various sizes of inserts were selected for sequencing. Alignment of obtained sequences with RefSeq NM_004996 reveals that they are all MRP1-specific and result from alternative splicing of MRP1 pre-mRNA. To date, we have identified 10 splicing forms between exon 10 and exon 19 including the 1 containing all of the exons in this region (Fig.  3) . They are all alternatively spliced at the exon/intron boundary consensus sites. The number of skipped exons ranges from 1 to 7. Of these 10 splicing forms, 7 (splicing forms 3, 4, and 6 -10) are new compared with the MRP1/ABCC1 splice variants in the National Center for Biotechnology Information databases. By carefully comparing the size of the PCR products amplified from all of the tissues shown in Fig. 3 , we conclude that the MRP1 splicing forms in this region are far beyond 10.
MRP1 Splice Variants Include Partial Exon Skipping and Partial Intron Inclusion. We also amplified the entire coding sequences of MRP1 from the ovarian tumor tissue of pair 4. The PCR result is shown in Fig. 4A . On the agarose gel, we can see 2 major DNA bands, one ϳ4.3 kb and the other between 2.0 and 2.3 kb. We gel-purified these 2 DNA bands and cloned them into TOPO TA cloning vector. PstI digestion of the obtained plasmids revealed Ͼ20 digestion patterns. This indicates that the DNA band ϳ4.3 kb in Fig. 4A is actually a complex of DNA molecules of many different sizes. Fig. 4C shows the result of PstI digestion of some plasmids. According to the sequence of RefSeq NM_004996, there are five PstI sites within the coding region of MRP1 cDNA (Fig. 4B) . PstI digestion gives rise to three visible DNA fragments of sizes 1.1 kb, 1.6 kb, and 1.7 kb, as well as two very small DNA fragments of sizes 72 bases and Ͻ50 bases, respectively (Fig. 4B) . We have analyzed 16 MRP1 splice variants by DNA sequencing and found that these splice variants exhibited partial exon skipping and/or partial intron inclusion as well as whole exon skipping(s). The smallest variant identified is only 2.2 kb, and exons 12-26 and part of exon 27 were skipped. Table 2 lists the details of splicing events that occurred in these variants. Among them, 11 are novel and are not found in the literature or National Center for Biotechnology Information databases.
Nucleotide Variations in the MRP1 Coding Sequence. Apart from different splicings, sequencing analysis of MRP1 splice variants discussed above (Table 2) also revealed a few nucleotide variations compared with RefSeq NM_004996 (Table 3). These variations were found in all of the splice variants listed in Table 2 as well as in the genomic DNA of the matched normal ovarian tissue. Therefore, they represent polymorphisms of the MRP1/ABCC1 gene instead of somatic mutations. None of these variations caused any amino acid substitutions. Table 1 Number of DNA bands amplified between exon 10 and exon 19 The number of DNA bands were quantified from the photo of agarose gel after electrophoresis ( Fig. 2A) with the assistance of Adobe Photoshop. The paired-samples t test procedure was performed to compare the number of MRP1 splicing variants observed in tumor and matched normal tissue (P ϭ 0.007).
Tissue pair
Tumor Normal Splicing Factors PTB and SRp20 Are Overexpressed in Ovarian Tumors. The process of pre-mRNA splicing is regulated by a variety of splicing factors. Changes in the expression and distribution of splicing factors are often the causes of alterations in splicing patterns (24) . Accordingly, our observation described above could be a consequence of changes in splicing factors. Thus, we examined by Western blot the expression of two splicing factors, PTB (Fig. 2B) and SRp20 (Fig. 2C) , in the 10 pairs of matched tumor and normal ovarian tissues. PTB and SRp20 are negative and positive regulators of premRNA splicing, respectively (25) . Fig. 2B indicates that the expression of PTB is up-regulated in 8 of 10 tumors compared with their matched normal tissues (pairs 2-5 and 7-10). Of interest, the overexpression of PTB is accompanied by more MRP1 splicing forms between exon 10 and exon 19 (Fig. 2, A  and B) . In pair 1, both tumor and normal tissues highly express PTB; they also both express more MRP1 splicing forms. In 8 tissue pairs, PTB is overexpressed in tumors, and more MRP1 splicing forms are also seen in these tumors. Fig. 2C reveals that SRp20 is up-regulated in 7 of 10 tumors compared with their matched normal tissues (pairs 1-5, 7, and 10), and 6 of these also have more MRP1 splicing forms in tumors relative to the matched normal tissue. PTB and SRp20 are, however, not detected in the tumor or the normal tissue in pair 6, yet 3 distinct MRP1 splicing forms are observed in the tumor compared with the 1 MRP1 splicing form detected in the matched normal tissue, suggesting that other splicing factors may also play a role in generating splice variants in some tumors.
Expressing MRP1 Splice Variants in HEK293T Cells. Because of the increased number of MRP1 splice variants in most of the tumors, we wished to know if these splice variants produce any phenotypes. To study the function and localization of MRP1 splice variants in the cell, we constructed expression vectors of three MRP1splice variants, MRP1-2k, MRP1-d5d30, and MRP1-d17d18, as well as full-length MRP1, all with enhanced green fluorescent protein fused to their COOH termini, and we expressed these fusion proteins in HEK293T cells. The expression and localization of these splice variants in HEK293T cells are shown in Fig. 5 . It can be seen that expression of these variants, like the full-length MRP1, appears to localize mainly on the plasma membrane.
MRP1 Splice Variants Can Confer Drug Resistance on HEK293T.
To determine whether the MRP1 splice variants are functional, we examined the resistance to doxorubicin of HEK293T cells transfected by the above expression vectors. This chemotherapeutic agent can be actively transported by full-length human MRP1 (9) . The chemosensitivity of transfected HEK293T was determined by colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assays after exposure to serial dilutions of doxorubicin. The results are shown in Fig. 6 and are summarized as relative resistance factors in Table 4 . It is clear that the three MRP1 splice variants conferred drug resistance on HEK293T cells, although they were not as potent as the full-length MRP1. The large SDs in relative resistance factors are probably due to the variable transfection efficiencies from one experiment to another.
DISCUSSION
After transcription, cells undergo a series of RNA processing reactions before active proteins can be produced. Among RNA processing events, pre-mRNA splicing, which is catalyzed by a large molecular complex called the spliceosome, is probably the most complicated (25, 26) . Through splicing, intervening sequences (introns) that disrupt the exonic sequences (exons) are removed from pre-mRNA, and exons are joined together to form a mRNA molecule. For many genes, their exons are not always all included in the mature mRNAs. Rather, some exons undergo alternative splicing, and their inclusion is regulated by a variety of internal and external signals (24) . Genome-wide analyses revealed that 40 -60% of human genes Table 3 Nucleotide variations of MRP1 mRNA Nucleotide variations were identified by aligning sequences of MRP1 splice variants in Table 2 to RefSeq NM_004996. The nucleotide substitutions were found in all of the MRP1 splice variants listed in Table 2 as well as in the genomic DNA of the matched normal ovarian tissue. The position of nucleotide refers to that as described in NM_004996.
Position
Nucleotide variation 546 C3T 1021 T3C 1258 T3C 1880 T3C undergo alternative splicing (27) . The importance of alternative splicing is manifested not only by its role of increasing proteomic complexity in the body but also by its connections to many human diseases, including cancers (28, 29) . In our study, we observed, in a small series of paired tissue specimens from previously untreated patients with Fédération Internationale des Gynaecologistes et Obstetristes stage III or IV epithelial ovarian carcinoma, that ovarian tumors expressed on average ϳ2-fold more MRP1 splice variants than matched normal tissues. The splicing events that occurred in the MRP1 gene in these tumors included partial exon skipping, partial intron inclusion, and whole exon skipping. The number of skipped exons in this gene can be as many as 15. Moreover, our data demonstrate clearly that MRP1 splice variants have phenotype, because they are functional in conferring drug resistance in HEK293T cells. Alterations in pre-mRNA splicing have been found in several tumors. One of the most studied is that between CD44 gene splicing and tumor progression and metastasis. Breast, ovary, and colon cancers highly express alternatively spliced CD44 variants, whereas normal tissues mainly express the standard version of CD44 (30, 31) . Overexpression of the CD44 splice variant CD44v6 conferred metastatic potential to a nonmetastatic cell line, and the CD44 splicing pattern was also shown to change during mammary tumorigenesis (32) . Our novel observation that ovarian tumors express on average twice as many MRP1 splice variants is another example of an association between cancer and gene splicing pattern changes. Given the demonstration in this study that MRP1 splice variants are functional, we postulate that mis-splicing of the MRP1 gene might be involved in tumorigenesis and the progression of ovarian cancer and could influence the response of these tumors to chemotherapeutic treatment. However, it seems unlikely that aberrances in pre-mRNA splicing can trigger the oncogenic process. We are presently investigating whether MRP1 splice variants have functions other than conferring drug resistance, and we are considering the possibility of using mis-spliced MRP1 variants as markers for diagnosis and prognosis of cancer or drug responsiveness.
The possible causes resulting in more splice variants in ovarian tumors compared with their matched normal tissues are likely due to sequence mutations, alterations in splicing machinery, or both. In this study, we found that two splicing factors, PTB and SRp20, are overexpressed in most ovarian tumors compared with their matched normal tissues. Moreover, the overexpression of PTB and SRp20 are both associated with more MRP1 splice variants (Fig. 1) . PTB, also known as heterogeneous nuclear ribonucleoprotein I, was first identified as a polypeptide that bound the U-rich polypyrimidine tracts that typically precede the 3Ј splice site of introns (21) . As a splicing factor, PTB has been shown to repress exon inclusion in a number of genes and, thus, induce exon skipping. Genes regulated negatively by PTB in pre-mRNA splicing include ␣-and ␤-tropomyosin (33-35), FGF-R1 (36), FGF-R2 (37, 38) , c-src (39) , GABA␥2 (40) , fibronectin (41), caspase-2 (42), and ␣-actinin (43) . Our results suggest that the MRP1 gene could be another target regulated by PTB. The exon skipping events between exons 10 and 19 of MRP1 in ovarian tumors are very likely a consequence of the overexpression of PTB, but additional study is required to elucidate the detailed mechanism behind the phenomenon.
SRp20 is a member of the SR protein family, which is characterized by high serine (S) and arginine (R) content and extensive repetition of the R-S dipeptide in the COOH terminus. SR proteins are essential multifunctional splicing factors required at different steps of spliceosome assembly (22) . They promote exon recognition by binding to the exon splicing enhancers and recruiting other general splicing factors to the pre-mRNAs (22, 25) . Thus, in contrast to PTB, SR proteins are regarded as positive regulators of pre-mRNA splicing. Overexpression of SRp20 observed in most ovarian tumors in this study could cause more splicing forms of MRP1 by promoting the recognition of weak exons located in introns. Indeed, a partial intron is included in some MRP1 splice variants isolated from one ovarian tumor examined (Table 2) . We are presently attempting to determine whether there is a direct connection between SRp20 overexpression and changes in MRP1 splicing.
Besides trans-acting factors, cis-elements are other important factors in determining the accuracy of pre-mRNA splicing. The cis-elements include 5Ј and 3Ј splicing sites, branch points, and short sequences called splicing enhancers and silencers within or near the exon (25, 44) . Nucleotide changes in these elements have been shown to cause defects in pre-mRNA splicing and lead either directly to disease or to predisposition to disease (29) . Among the nucleotide variations of MRP1 found in the present study, the substitution at position 546 is located at the 5Ј splicing site of exon 3 of MRP1, and other substitutions are located at nucleotides 16, 22, and 7 from the 3Ј splicing site of exons 8, 9, and 13, respectively. Whether these variations contributed to the splicing pattern changes in ovarian tumors remains to be clarified.
Because most ovarian tumors arise from ovarian surface epithelium (45) , and the content of epithelial cells in normal ovarian tissues is usually less than in ovarian tumors, we need to compare the splicing pattern of MRP1 and expression of splicing factors in isolated normal ovarian epithelial cells with that of epithelial ovarian tumors to additionally confirm our observations described above and study the possible roles of MRP1 splice variants and splicing factors in tumorigenesis and tumor progression. In addition, it is possible that different types of cells express different sets of MRP1 splice variants. To study the distribution of individual MRP1 splice variants in the tissues, it is necessary to develop antibodies to recognize the peptides encoded by exon-exon junction sequences.
In summary, we observed more MRP1 splice variants in ovarian tumors than in matched normal tissues and found that these splice variants conferred a drug resistance phenotype. Correspondingly, we found that splicing factors PTB and SRp20 are overexpressed in most tumors compared with their matched normal tissues. Our observations suggest that alternative/aberrant splicing is a common feature in advanced epithelial ovarian carcinoma. The relationships among these MRP1 splicing variants and splicing factors, their role(s) in tumorigenesis, and the progression and therapy response of ovarian cancer (and possibly other tumors) merit additional investigation.
